Abstract. Temperature, intensity, spread, and dimensions of fires burning in tropical savanna and slashed tropical forest in central Brazil were measured for the first time by remote sensing with an infrared imaging spectrometer that was designed to accommodate the high radiances of wildland fires. Furthermore, the first in situ airborne measurements of sensible heat and carbon fluxes in fire plumes were combined with remote measurements of flame properties to provide consistent remote-sensing-based estimators of these fluxes. These estimators provide a means to determine rates of fuel consumption and carbon emission to the atmosphere by wildland fires as required for assessments of fire impacts on regional air pollution or global emissions of greenhouse gases. Observed fires developed complex fire-line geometry and thermal structure, even as average whole-fire temperatures varied little. Flame temperatures sometimes exceeded 1600 K along the leading edge of actively spreading fire lines, yet Ͼ90% of the radiant energy from observed fires was associated with temperatures of 830-1440 K. Fire in a partially slashed forest encompassed a high-intensity flaming front and a trailing reach of residual combustion extending 400 m. Fire fronts in tropical savanna typically formed with little depth and a high proportion of their radiant flux density associated with high temperatures due to low levels of residual combustion. Measured fires had such low and variable radiance compared with that of a blackbody of comparable temperature as to preclude the use of fire radiance at a single wavelength as a measure of fire intensity or temperature. One-half of the radiant flux density from a measured savanna fire was associated with values of a combined emissivity-fractional-area parameter Ͻ0.091 m 2 /m 2 ; for a slash fire this fraction was associated with values Ͻ0.37 m 2 /m 2 . Observations reported here show wildland fires to be so complex and dynamic as to require frequent high-resolution measurements over their course and duration in order to specify their effects in the environment; an understanding of global fire impacts may require such measurements over a large sample of individual fires.
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INTRODUCTION
Fire science and management today are critically limited by an inability to quantitatively measure and track the properties of wildland fires at their full scale and as they occur. Wildfires are by nature shrouded in smoke, difficult and dangerous to approach, sometimes obscured by terrain, and often unpredictable as to location, velocity of propagation, energetics, and environmental impact. Knowledge of fire properties is needed at scales from the local to the global. Tactical fire suppression requires either tracking or prediction of fire spread rates, intensity, and direction so as to keep personnel and resources from harm's way and maximize their effectiveness. Mitigation of the ecological impacts of fire requires either active monitoring of fire properties or a means to deduce them from an assessment of the burned area, since the impacts may be substantially affected by fire energy release rates or intensity. For example, increased intensity of burning can effect greater nitrogen volatilization, nitrification in soil, and nitrogen flux in stream water DeBano 1977, Riggan et al. 1994) , with potential effects on soil productivity and aquatic ecosystems; accelerated soil erosion due to fire-induced water repellency , Wells 1981 ; higher postfire flood peaks (Riggan et al. 1994) ; seed destruction or altered germination and postfire recovery (Moreno and Oechel 1994) ; and altered forest structure from higher rates of canopy consumption or tree mortality (Van Wagner 1973) . Avoidance of severe impacts requires strategic planning and an ecosystem analysis that specifies the likely response of a wildfire regime to different levels of intervention by prescribed burning or other means of fuel management. At continental to global scales, wildland fires and agricultural burning are an important source of trace gases and aerosols that pollute the atmosphere and can contribute to global climate change (Crutzen and Andreae 1990) . National policy and international protocols to mitigate these impacts depend on reliable estimates of fire emissions including the flux of carbon to the atmosphere.
Here we describe the first applications of remote sensing to the quantitative estimation of fire-line intensity and geometry and the sensible heat and carbon fluxes in plumes from large wildland fires, thereby providing a synoptic view of fire behavior and properties. Our approach has been to evaluate bulk flame temperatures, radiant-energy flux, flaming-front geometry, and rate of areal spread with a specialized, airborne, imaging spectrometer and to estimate carbon and sensible-heat fluxes within fire plumes from in situ airborne measurements of the vertical component of wind velocity, potential temperature, CO 2 mixing ratio, and plume geometry. Such measurements were made for two fires burning in the Cerrado, which is tropical savanna vegetation, and a large slash fire in tropical forest in central Brazil. A method for estimating plume sensible-heat flux from remote sensing measurements of the fire line was consistently and successfully applied to the data from the three fires. Furthermore, we show that plume carbon flux is linearly and well related to sensible-heat flux across a range of wildland and agricultural fires and conditions, and that plume carbon flux, when combined with estimates of areal rate of fire spread, provides useful estimates of fuel consumption rate. From remote sensing alone, these techniques provide a means to assess a number of important fire properties required for fire-behavior modeling, understanding ecological fire effects, and the estimation of global biomass combustion rates and fire emissions to the atmosphere.
METHODS

Measured fires
We observed two freely burning fires in natural Cerrado vegetation: the Tapera prescribed fire in the late afternoon of 21 September 1992 at the Reserva Ecol-ó gica of the Instituto Brasileiro de Geographia e Estatística (IBGE; Ecological Reserve of the Brazilian Institute of Geography and Statistics) in the Brazilian Federal District, as well as a set pasture fire on 15 September 1992 in the Serra do Maranhão, ϳ65 km north of Brasília. On 22 September 1992, we also measured an active fire burning in partially slashed tropical forest near Marabá, Pará. The latter fire burned in selectively harvested, primary forest.
The Tapera fire burned within a watershed of low relief, ranging from 1040 to 1130 m elevation. Upland vegetation there is comprised of three phases of the Cerrado (campo cerrado, campo sujo, and campo limpo) that are distributed in the order listed from higher to lower elevations. Evergreen shrubs along this plant community gradient comprise a declining proportion of the plant cover in a grassland matrix. Biomass structure in these communities has been described by Ottmar et al. (2001) . The fire was ignited by hand-carried drip torches along a trail on the fire's eastern perimeter and adjacent to a narrow gallery forest on the north (Fig.  1) . Firing then progressed along the southern firebreak, with ignition keeping apace of the wind-driven fire line. The fire was contained on the west by a narrow burned strip and on the south by a cleared firebreak. We made remote sensing or in situ plume measurements of the Tapera fire over ϳ45 min from first ignition through the end of active combustion.
The Serra do Maranhão fire was first observed in progress at 1622 hours local time. Observations were made across 80 minutes. The fire burned across elevations of ϳ800-950 m, with grassland uplands, several phases of Cerrado along some slopes, and gallery forest along stream courses.
The Marabá fire was observed in progress during 1310-1317 hours local time, with a well-developed plume and a strong plume-capping cumulus. The fire had been ignited in selectively harvested primary forest with standing trees and logging slash and in adjacent pasture that had been converted from forest. Local ground elevation is ϳ250 m.
Airborne measurements
Remote sensing and atmospheric measurements were made from the King Air B200t research aircraft of the National Center for Atmospheric Research (National Center for Atmospheric Research 1990). The aircraft was instrumented for fast-response measurement of atmospheric state variables, CO 2 mixing ratio, concentration of cloud water droplets and aerosol particles, and components of air velocity in three dimensions (Lenschow and Spyers-Duran 1989) . The CO 2 mixing ratio was measured with a closed-path Licor model 6262 CO 2 and water analyzer (LI-COR, Lincoln, Nebraska, USA), with corrections applied for ambient temperature and pressure. Sample flow rate was ϳ0.075 L/s. The aircraft also carried a unique airborne extended-dynamic-range imaging spectrometer (EDRIS) that had been optimized for the quantitative measurement of the high infrared radiances associated with wildfires (Riggan et al. 1993) . The EDRIS instrument is a line-scanning remote imager, which is part of an Fire remote sensing.-The EDRIS produces radiance measurements and imagery, digitized to 14 bits, at infrared wavelengths of 1.56-1.69 m, 3.82-3.97 m, and 11.5-12.2 m. These wavelengths were chosen to allow discrimination of flame properties in pixels encompassing both flames and hot ash (Riggan et al. 1993) . Spatial resolution of the imager is ϳ2.6 m per 1000 m of altitude above ground level. The infrared channels of the spectrometer were calibrated in the laboratory over a target with estimated emissivity of 0.95 at 1.6 m and 0.85 at 3.9 m wavelength and at temperatures spanning 300-860 K. Ϫ1 at 11.9 m. Preamplifiers on the infrared channels were designed with a dualrange response that is linear with high gain at radiances associated with typical terrestrial temperatures and low gain at radiances expected at fire temperatures.
To estimate wildland fire properties by remote sensing, we assumed that the radiant emissions of flames, outside of wavelengths with strong molecular absorption, are dominated by the radiation from glowing soot particles that act as gray-body radiators with high emissivity. Such radiation is described by the Planck function with parameters of temperature and emissivity, the latter of which relates radiance to that of a perfect blackbody radiator. Flames in biomass fires can be optically thin so that upwelling radiation encompasses radiation from hot soil beneath the flames as well as from the entrained soot particles. For large flames or those of high soot-particle volume, such as found in aviation fuel fires, upwelling radiation can originate from and reflect the temperature of upper flames alone (L. Gritzo, personal communication) . Yet even with long flame lengths, flaming zone turbulence can be so great as to dictate that high-temperature flames occupy only a fraction of a remote-sensing pixel, even for pixels that fall well within a flaming front. The remainder can be composed of residual flaming combustion and smoldering of larger biomass elements, cooling ash, and unburned vegetation. Thus, a parameter representing the product of emissivity and the fractional area of fire within a pixel must be estimated in order to represent fire radiance, and any such pixel can encompass a variety of targets with differing temperatures.
Estimation of the temperature (T) of a gray-body radiator and the product of its emissivity () and fractional area (A f ) within a pixel requires measurement of the emitted energy from at least two wavelengths, 1 and 2 (Riggan et al. 1993, Matson and Dozier 1981) . With high spatial resolution in relation to the dimensions of the fire front, it may be assumed that the background radiance from vegetation or ash within a pixel is negligible in relation to that from the flames, so the background can be ignored (Riggan et al. 2000) . Planck functions for the apparent flame radiances (B 1 and B 2 ) at two wavelengths can then be solved simultaneously to yield the following relations:
where h is the Planck constant (6.63 ϫ 10 Ϫ34 J·s), c is the speed of light (3.00 ϫ 10 8 m/s), k is the Boltzmann constant (1.38 ϫ 10 Ϫ23 J/K), T is specified in Kelvin, is in meters, B has units of joules per square meter per second per steradian per micrometer (J·m Ϫ2 ·s Ϫ1 ·sr Ϫ1 ·m Ϫ1 ), and radiances are corrected for atmospheric transmittance. Eq. 1 can be solved iteratively to yield T, and the product A f can be computed from either wavelength via Eq. 2. Note that temperature estimation is independent of emissivity and fractional area. The wavelength-integrated radiant flux density, F d (J·m Ϫ2 ·s Ϫ1 ), which is a measure of fire intensity, is given by
where is the Stefan-Boltzmann constant (5.67 ϫ 10 Liou 1980) . We simulated atmospheric transmittance over measured fires with a medium-resolution spectral model, MODTRAN, using measured atmospheric water vapor, temperature, and pressure. No corrections for smoke aerosols were made, since these are expected to have little impact on transmittance at these infrared wavelengths (Riggan et al. 1993) , and the observation geometry here was such that flaming fronts were generally observed to the side of inclined smoke plumes.
Areal fire growth.-Multispectral eight-bit imagery of the fires was registered to a common base using the MicroImage software of TerraMar Resources. For the Tapera fire, this base consisted of a 1:10 000-scale topographic survey of the Reserva Ecoló gica provided by IBGE. For the Marabá slash fire, we used as a base a prefire Landsat Thematic Mapper scene from 10 August 1992. For the Serra do Maranhão fire, we used digital aerial photography collected in August 2000. Geo-referenced locations of the original 14-bit fire radiance data were determined by applying transformation equations from the initial registrations to line and sample numbers in the original data sets. Sizes for each high-temperature pixel were determined from the transformation equations by calculating differences in Universal Transverse Mercator (UTM) coordinates between that pixel and offsets of a single line and sample number. Areal growth of the fire was estimated by planimeter for areas between the registered images of successive fire-line observations. Times for successive remote-sensing passes were taken from times of closest approach to the fire, as recorded by the aircraft navigation system.
In situ measurement of heat and carbon flux in fire plumes.-Fluxes of sensible heat and CO 2 were concurrently estimated in cross sections through upwelling portions of each fire plume. Plume measurement transects during the Tapera and Marabá fires were generally flown with the ambient wind field; transects through the Serra do Maranhão plume were largely perpendicular to the ambient wind. We analyzed 25-Hz data for the vertical component of wind velocity, potential temperature, and CO 2 mixing ratio to estimate plume sensible heat and carbon fluxes. Carbon dioxide data were offset in time to account for a 1.76-s lag behind the vertical wind measurements.
Instantaneous fluxes, F s , at a given height in the plume above ground, were defined as
where is the dry-air density, w is the vertical component of air velocity, s represents the mass mixing ratio with respect to dry air for fluxes of substances such as water or CO 2 , and the prime denotes an instantaneous deviation from mean ambient values. Heat flux was similarly given as
where is potential temperature of the air, and air is the density and C p is the specific heat of moist air. We estimated the whole-plume fluxes from the product of plume cross-sectional area and mean values of and F CO2 Q s from transects within the plume. The mean ambientair vertical velocity was assumed to be zero, and mean ambient-air CO 2 mixing ratio and potential temperature were taken as the mean from a flight segment immediately preceding plume entry. Aircraft sensors estimate the flux at the altitude of the aircraft, so transects were made as low as practicable to approximate the surface fluxes. This approximation should be adequate, especially for fires with nearly steady rates of spread and plumes with limited low-level divergence and high vertical velocities. Sampling altitudes above ground level were ϳ180-250 m at the Tapera fire, 1200-1340 m at the Serra do Maranhão fire, and 500-1830 m at the Marabá fire.
Estimates of areal fuel consumption.-For fire complexes with short residence times spreading at a nearly steady state, as in tropical savanna, energy or carbon flux per unit area burned can be estimated for intervals of minutes to hours from the ratio of the corresponding whole-fire rates and the associated areal progression of the fire over the interval. That is,
where dC/dA (in units of kilograms per square meter) is the fuel carbon consumption rate, F C is the instantaneous whole-plume carbon flux rate (in kilograms per second), and dA/dt (in square meters per second) is the areal spread rate of the fire. Here we considered the carbon flux from that of CO 2 alone. Areal progression is readily estimated from the growth of the ash layer from successive, geo-referenced images. Estimates of consumption rate for fires with residence time longer than the interval between successive observations, as expected for fires in slashed forest or organic soils, require integration of a time course of carbon or energy flux over the life of the fire.
Ground-level measurements at the Tapera fire
Air temperatures were measured with unshielded 30 AWG chromel/alumel thermocouples (Omega Engineering, Stamford, Connecticut, USA) at heights of 1, 30, 60, and 160 cm above the soil surface at two locations within the fire area. Campbell CR-21ϫ data loggers (Campbell Scientific, Logan, Utah, USA) recorded observations at a frequency of 1 Hz during burning. Consumable fuel in the campo limpo plant community was estimated before burning by clipping, drying, and weighing biomass in 25, 0.25-m 2 plots (Dias 1994) . Ground-level measurements were not possible at either the Serra do Maranhão fire or Marabá slash fire, since these were observed as targets of opportunity and were not planned research fires.
RESULTS
Tapera fire
The Tapera fire spread with two primary fire lines burning in similar vegetation: one parallel to the ambient wind and spreading at only 0.1 m/s (the north fire line) and one with portions spreading largely down slope with the wind (the south fire line; Fig. 1 ). Flames on the north line were observed to lie over the fire line itself, rather than over unburned fuel in the direction of spread. The south fire line, which accounted for most of the area burned by the fire, initially consisted of several lobed fronts; these eventually merged into a single line running diagonally to the mean wind. Specification of linear rates of spread for the south line is somewhat problematic because of its irregular shape. Once established, lobes of the south fire line traveled at 0.3-0.7 m/s in the direction of the mean wind (Fig.  1) . Areal rates of spread are more quantifiable: For the south fire line, these ranged from 65 m 2 /s during early observations to a peak of 185 m 2 /s (Fig. 2 ). Areal spread rates declined as the fire encountered heavier biomass loading near the watercourse at the western boundary of the watershed and as the leading edge of the fire line reached the project boundary ϳ34 min after first observation. The Tapera fire ultimately encompassed 49 ha.
For the Tapera fire, estimates of atmospheric transmittance using MODTRAN were 0.97 at a wavelength of 1.63 m and 0.95 at 3.9 m; radiance corrections for these values at a remote-sensing altitude of 1 km above ground level resulted in a fire temperature correction of only 5 K.
Mean radiometric flame temperatures for the Tapera fire as a whole varied little from early to late stages of the fire (Table 1) , although there were strong temperature gradients across and along various portions of the line as they became active (Fig. 3) . Flame temperatures exceeded 1600 K along portions of the leading edge of actively spreading fire lines. Fire temperatures at the interior of active lines were commonly in the range 900-1200 K. The trailing edge represented reaches of residual combustion with mean temperatures Ͻ900 K. There were no consistent differences over time between Ecological Applications Vol. 14, No. 3 FIG mean temperatures of the narrow north fire line, which spread laterally to the wind, and the broader south line, which generally spread with the wind.
Ninety percent of the primary fire line's radiant energy flux at its peak (0:34:19 [h:min:s, i.e., hours : minutes : seconds] after first observation) was associated with temperatures in the range 1004-1315 K (Fig.  4) . One-half of the radiant flux density occurred at temperatures Ͻ1152 K.
The Tapera fire line was observed from different altitudes only on successive passes, so no observations were made in which sampling resolution was not confounded with time. Nonetheless, there were similar patterns and gradients in temperature across the primary fire line when it was observed from 1084 m altitude (for example, at 0:26:05 after first observation) and from 220 m altitude (at 0:38:21 after first observation; Fig. 3 ). Radiant flux density at temperatures Ͼ1150 K was equivalent (less than one percent difference) between these two observations, but at the latter time radiant flux density associated with temperatures Ͻ1150 K was approximately twice that from the earlier time.
Mean peak temperature registered by thermocouples near the ground surface within the area of the fire was 827 K (1 SD ϭ 118, n ϭ 6); the greatest value recorded, 1061 K, was well within the range of flame temperatures estimated by remote sensing.
The emissivity-fractional-area parameter from Eq. 2 attained low values overall, even within the interior of fire lines where it was generally the greatest. The lowest values of this parameter were associated with the highest recorded temperatures at the leading edge of fire lines and with the residual combustion at the trailing side of fire lines (Fig. 5) . At the leading edge this is likely due to heterogeneity in the wind-driven flame front and the inclusion in the pixel of unburned ground ahead of the fire. Ninety percent of the radiant flux density for the rapidly spreading south line at its peak was associated with values of A f in the range 0.017-0.26 m 2 /m 2 . One-half of the radiant flux density was associated with values Ͻ0.091 m 2 /m 2 . There was little residual combustion behind the upland fire lines of the Tapera fire, and after passage of the flaming front the soil surface radiated little energy at the short and intermediate infrared wavelengths measured. Cooled ash and unburned ground showed radiances at 1.63 m that were only one to two percent of values observed in the flaming zone and thus contributed insignificantly to the signal from any pixel encompassing flaming combustion.
Combustion within the southern line of the Tapera fire formed an inclined primary emission plume that extended through the 1.6-km depth of the atmospheric boundary layer. The slowly propagating northern fire line and nearby residual burning formed a smaller secondary plume near ground level that was not sampled.
Vertical air velocities (w i ) within the primary plume were readily discriminated from those in the ambient wind field; vertical wind sheer as great as 15 m/s in the plume was measured over a horizontal distance of 40 m (Fig. 6 ). Combined with a strong elevation of the CO 2 mixing ratio, which peaked at 802 L/L, these velocities produced a plume carbon flux as great as 2.7 ϫ 10 Ϫ3 kg·m Ϫ2 ·s Ϫ1 , more than three orders of magnitude greater than local peak values typical of ambient air (Fig. 6) . Potential air temperature in the plume at the altitude sampled was as much as 4 K greater than that of the ambient air (Fig. 6 ). This elevation, together with the positive vertical air velocities, resulted in a strong heat flux signal. Carbon and sensible-heat fluxes were also horizontally stratified in the lower plume, with highest rates located on the upwind, eastern side (Fig.  7) .
Maximum downwind extent of the plume at the altitude sampled, which we defined by substantial reaches of carbon flux Ͼ5 ϫ 10 Ϫ5 kg·m Ϫ2 ·s Ϫ1 , was ϳ690 m. Plume width, measured as the width of the south line perpendicular to the mean wind, was 265 m. An independent estimate of 285 m at 250-m altitude was derived from remote sensing of the plume with consideration of plume inclination and image distortion from line-of-sight projection of the elevated plume onto the ground surface. By assuming an elliptical plume cross section parallel to the ground with major axis of 690 m and minor axis of 275 m and applying average measured fluxes across this area (as in Fig. 7) , we estimated an instantaneous carbon flux for the entire south line of the Tapera fire of 29 kg/s and a sensibleheat flux of 8.7 ϫ 10 8 J/s ( Table 2 ). Assuming that carbon makes up one-half of the consumed biomass, the carbon flux and average areal spread rate (54 m Fig. 3 . This parameter obtained generally low values throughout the fire line even at high resolution; thus, fire radiant flux density appears low compared to that of a blackbody at comparable temperature. s) from the latter period of plume sampling give an average fuel consumption estimate for the active south fire line of 1.1 kg/m 2 .
Serra do Maranhão fire
The Serra do Maranhão fire was first observed well in progress as a complex of hot flaming fronts in grasses and large reaches of cooler, residual combustion in heavier woody fuels (Fig. 8) . It produced a substantial cumulus-capped plume beneath a cover of stratocumulus. A wide range in fire activity was observed over the course of 72 min of observation as fire fronts flared, spread and merged, or remained nearly stationary (Fig.  9) . The large, persistent reaches of residual combustion were most remarkable in comparison with other fires we have observed in the Cerrado region. Discernable linear spread, at rates of 0.02 m/s perpendicular to the wind and of 0.03 m/s with the wind, was primarily in grasses where fire lines were narrow, encompassing a width of one to three pixels at 10-m 2 resolution. Areal spread was only 37 m 2 /s (a total of 16 ha) over the period of observation. At last observation, the Serra do Maranhão fire had reached an area of 59 ha.
As with the Tapera fire, the spatially averaged radiometric flame temperatures of the Serra do Maranhão fire varied little across 72 min of observation (Table  3) , even though there were considerable local changes in activity as different fuel types became engaged. Overall, 90% of the fire radiant flux density (for example, at 0:03:45 after first observation) occurred within the temperature range 830-1383 K. One-half of the flux density occurred below a temperature of 1032 K. The greater fraction of overall fire radiance at relatively low temperatures (Fig. 4) , in comparison with the Tapera fire, apparently resulted from the much greater area of residual combustion in the Serra do Maranhão fire.
The Serra do Maranhão fire formed primary and secondary plumes (Fig. 10) ; the primary plume was stable and persistent over the period of sampling. The primary plume, which was inclined 29Њ from the vertical, reached through the 4300 m depth of the atmospheric boundary layer to form a capping cumulus that peaked at an altitude of 5100 m. The plume widths at 1280 m above ground were 690 m crosswind and 790 m with the wind, which yield an estimated cross-sectional area of 4.3 ϫ 10 5 m 2 . The peak vertical component of air velocity within the plume was 8.8 m/s. As with the Tapera fire, the highest carbon fluxes within the plume were on the upwind side. Whole-plume carbon flux, estimated from the product of cross-sectional area and average measured carbon flux for each of the primary and secondary plumes, was 47 kg/s.
Marabá slash fire
The fire in partially felled tropical forest at Marabá (Fig. 11) Modeled from remote sensing SHF (J/s) from fire radiance 8.7 ϫ 10 8 1.4 ؋ 10 9 6.4 ϫ 10 9
Plume measurements SHF (J/s) 8.7 ϫ 10 8 1.4 ؋ 10 9 6.7 ϫ 10 9
Notes: Radiant flux density is shown for comparison. The proportionality constant (k T ; Eq. 7 and text immediately following) was determined by setting the remote-sensing-based estimate for the Tapera fire equal to that from airborne measurements; the resultant model was applied to remote-sensing data from the Serra do Maranhão and Marabá fires (compare boldface and italic entries). eastern margins of the harvested area; most of the observed activity resulted from a wind-driven fire front (Fig. 12) . The fire involved a wide reach of residual combustion extending as far as 400 m behind the hightemperature front. This residual combustion apparently had a strong effect on the overall distribution of radiant energy flux with temperature. Thus, in comparison with the Tapera fire in Cerrado vegetation, which showed little residual combustion and a narrow flaming front, a much greater proportion of the radiant flux density from the slash fire was associated with low temperatures than high (Fig. 13) . Specifically, 17% of the radiant flux density of the slash fire was associated with temperatures Ͼ1075 K; only 17% of that from the Tap- era fire was associated with temperatures below that point. Ninety percent of the radiant flux density from the slash fire occurred within the range 857-1166 K. Nonetheless, that fire was marked by a highly energetic, high-temperature spreading front. When first observed, the fire had encompassed 43 ha; it further grew by 5.7 ha over the ensuing 256 s.
The plume from the Marabá fire showed strong vertical air movement with a peak velocity of 15.4 m/s and a vertical sheer of 20.4 m/s over a distance of 63 m. At last observation, the plume was capped by a deep cumulus. The peak value of the CO 2 mixing ratio, 589 L/L, was nearly coincident with the maximum vertical air velocity encountered. The resultant maximum instantaneous carbon flux was 1.2 ϫ 10 Ϫ3 kg·m Ϫ2 ·s Ϫ1 . Potential air temperature in the plume at 526 m above ground was as much as 2.4 K greater than in the ambient air. Crosswind width of the plume, as determined from remote sensing of the active fire line, was ϳ740 m; aircraft penetration of the plume yielded a length of 1760 m in the direction of the wind. From these values, we estimated an elliptical cross-sectional area for the inclined plume of 9.3 ϫ 10 5 m 2 , an instantaneous whole-plume carbon flux of 234 kg/s, and sensible-heat flux of 6.7 ϫ 10 9 J/s.
Flux estimates from remote sensing
We derived estimators of whole-plume sensible-heat flux and carbon flux by relating in situ plume measurements to remotely sensed fire properties. As given in Eq. 5, the heat flux at the top of the combustion zone can be estimated as the product of the kinematic heat flux, wЈЈ, and the density and specific heat of the air. Here we parameterized the kinematic heat flux as ‫ץ‬ wЈЈ ϭ ϪK (7) H ‫ץ‬z and assumed the scalar K H , the eddy diffusivity (Stull 1988) , to be proportional to flame temperature, i.e., K H ϭ k T T; the potential temperature gradient, ‫,‪z‬ץ/ץ‬ was taken as proportional to the difference between the temperature of flames and that of the overlying ambient air; and flame temperature and spatial dimensions were estimated by remote sensing. We applied Eqs. 5 and 7, along with these assumptions, to the remotely sensed flame temperatures and emissivity-fractional-area parameters from the south line of the Tapera fire to find the value of the proportionality constant k T that obtains a heat-flux estimate equivalent to that derived from in situ plume measurements. The estimate from remote Ecological Applications Vol. 14, No. 3 FIG. 9 . Time sequence of radiant flux mapped from a portion of the 1992 Serra do Maranhão fire as in Fig. 8 . Times are given as h:min:s since first observation at 16:18:30 local time. The distance across the graph is 400 m. Note the changes in energy output or intensity of the fire as the line at the upper left spreads to the east and as two lines merge at the bottom center. The background image is the same as in Fig. 8 . sensing was limited to regions of intense flaming combustion by including in the summation only those pixels with temperatures Ͼ1100 K. A value of k T ϭ 0.0026 resulted.
We tested this model by applying it to remotely sensed temperatures and emissivity-fractional-area parameters of both the Serra do Maranhão and Marabá slash fires. Heat flux estimates from the model, based on remotely sensed properties alone and the proportionality constant derived from the Tapera fire, were nearly equivalent to estimates from in situ plume measurements (Table 2) . Furthermore, for a series of aircraft transects through active fire plumes, we found carbon flux to be well and linearly related to sensibleheat flux (Fig. 14) . Thus, we have a provisional yet promising method for estimating both sensible-heat flux and carbon flux to the atmosphere based solely on remotely sensed variables. For fire fronts in which flaming consumption of fuel within an observed pixel is complete within the period of successive observations, combination of the whole-fire carbon flux and areal spread rates as in Eq. 6 provides a useful estimate of the fuel consumption rate.
DISCUSSION
Results presented here are based on the first synoptic, quantitative, and high-resolution measurements of the radiances and temperatures associated with wildland fires. Other multispectral remote-sensing systems, including the Landsat thematic mapper, the advanced very-high resolution radiometer (AVHRR), and airborne MODIS and thematic mapper simulators are critically limited in their ability to make calibrated hightemperature measurements and will commonly saturate over high-temperature targets (Brustet et al. 1991; J. A. Brass, personal communication; A. Setzer, personal communication) , which is to say that the instruments become unresponsive to increasing radiance above some threshold value.
Systems including the AVHRR, imagers of the geostationary operational environmental satellites, and the moderate-resolution imaging spectrometer (MODIS) have poor resolution in comparison with our airborne measurements and are incapable of discriminating any of the detail of fires depicted here. Furthermore, our measurements of fires in the Cerrado show that average whole-fire flame temperatures vary little with time, despite large fluctuations in temperature and radiant flux density spatially across fire lines, from one line to another, and temporally within specific locations. Thus, coarse-resolution sensors are unlikely to provide much useful detail of flame properties based on time trends in estimated whole-fire temperature, especially when derived from a single infrared wavelength. In the latter case, one cannot estimate both the temperature and emissivity-fractional-area parameter, which we observed to be highly variable and to generally attain values much less than one. Blackbody temperatures estimated from radiance at a single wavelength, regardless of spatial resolution, would be quite low in relation to that of the fire, and critical information regarding fire intensity would be lost. Even multispectral data might be inadequate at resolution equivalent to or coarser than 100 m, since fire radiance at shortwave- FIG. 11 . Sampled slash fire plume near Marabá, Pará, as viewed from the northeast (corresponding to a view from the upper right in Fig. 12 ). Note the primary tropical forest in the left foreground and the pasture, which had been type converted from tropical forest, on the right. The slashed area contained some standing trees, especially palms. infrared wavelengths is then confounded with a large signal from solar radiation reflected from the nonfire background. There is large inherent uncertainty as to the background composition (whether ash or vegetation) within a coarse-resolution fire pixel, and resulting temperature estimates represent well neither fire nor background (Riggan et al. 2000) .
Our high-resolution measurements in Brazil with the extended-dynamic-range imaging spectrometer show that spreading wildland fires can develop complex thermal environments, even in seemingly simple and relatively uniform fuels, such as those of the grasslanddominated Cerrado. The primary fire line of the Tapera fire initially assumed a shape with several lobes, possibly due to differences in terrain, fuel, or fire buildup near the initial line of ignition. These lobes joined to form a continuous line, which was oriented diagonally to the mean wind, yet the line maintained some history from the earlier configuration with sections, running more perpendicular to the wind, that displayed higher line temperatures and energy release rates. The Serra do Maranhão fire, which was first observed well in progress, also formed a complex of fire lines that waxed and waned with changes of an order of magnitude in radiant flux density or intensity. Of note was a region of high fire intensity that developed where two fire lines burned together at an acute angle (Fig. 9) . Neither the Tapera nor Serra do Maranhão fires developed a classical elliptical shape.
The fires described here represented two distinct and common classes of fire in Brazil: open burning in the dry Cerrado, and clearing fires in slashed forest. They were similar in that each exhibited a gradient of radiometric temperatures across active fire lines with the highest temperatures at the leading edge of those lines. In each fire, there were substantial reaches of fire line at temperatures in the range 1400-1600 K. A distinguishing feature among the three fires was in the relative importance of high-temperature flaming combustion to the overall radiant flux density. In the Serra do Maranhão fire, large and persistent areas of residual combustion were predominant, especially at our earliest observation when only one-third of the radiant flux density was associated with temperatures Ͼ1100 K; at the Tapera fire three-quarters of the radiant flux density occurred at such temperatures. Residual combustion at the Serra do Maranhão fire appeared to be aligned with more continuous cover of woody Cerrado vegetation or gallery forests and was coincident with emission rates of carbon monoxide, methane, and hy- drocarbons that were large relative to other Cerrado fires we have monitored (Riggan et al., unpublished manuscript) . The Marabá slash fire generated the greatest combustion-zone depth, ϳ400 m, with only onetenth of its radiant flux density associated with temperatures Ͼ1100 K, even though it was partly comprised of a very energetic, high-temperature fire line. There, too, the long fire residence time was associated with high CO emission rates.
The emissivity-fractional-area parameter attained substantially higher values in the Marabá slash fire than observed for the narrow fire lines of the Tapera fire. Although this parameter is expected to be sensitive to the spatial resolution of remote sensing, increasing as sampling scales are reduced in relation to the size and heterogeneity of the flaming front, the large and consistent difference between the fires must have been due to different fire properties, since the Tapera fire, which had the lowest values, was viewed at very high resolution. Ninety-five percent of the radiant flux density from the narrow lines of the Tapera fire was at values of the emissivity-fractional-area parameter Ͻ0.26 m 2 / m 2 . In contrast, less than one-third of the radiant flux density from the Marabá slash fire was associated with such values. Indeed, some areas there showed values of the parameter near 1.0, and approximately four percent of the radiance was associated with values Ͼ0.8. Such high values are possible only if the associated hot targets have a very high emissivity, as expected for black carbon or soot. Thus, we consider that bulk emissivity is likely very high for the combined system of flames and hot underlying surface, and in regions with low emissivity-fractional-area, such as throughout the Tapera fire, either the instantaneous area of flame within flaming zones is small or the flames have a small optical depth. The result is that, although the wildland fire fronts are of high temperature, they are not especially bright in comparison with a classic blackbody radiator; the Tapera fire, for example, was only onequarter as bright.
In each of the three fires sampled, plumes extended at least through the depth of the atmospheric boundary layer. Each of the fires was roughly comparable in size, ranging within 43-59 ha at last observation, and our plume sampling was in lower reaches of each plume, at altitudes from approximately one-tenth to one-third of the plume height. Sensible heat and carbon fluxes and the radiant flux density at temperatures Ͼ1100 K from the Serra do Maranhão fire were each 1.6 times those from the Tapera fire; fluxes from the Marabá slash fire were seven to eight times those from the Tapera. Thus, as expected, the slash fire consumed fuel at a much greater rate than either of the Cerrado fires. Yet the much greater sensible-heat flux in the Marabá fire generated a peak vertical air velocity of 15.4 m/s in the lower plume, which was comparable to the maximum of 14.7 m/s observed low in the plume of the Tapera fire. However, the high vertical velocities in the Marabá plume were sustained over a much larger area than in the Tapera fire plume, and this allowed heat and carbon fluxes that were several-fold greater.
The results reported here are internally consistent. There was good correspondence between the plumebased and remote sensing-based estimate of fuel consumption rate for the Tapera fire (1.1 kg/m 2 ) and the mean ground-based estimate of biomass loss during burning (1.2 kg/m 2 ; Dias 1994). There was also good correspondence between estimated heat and carbon fluxes for the Tapera fire. Specifically, the sum of sensible-and radiant-heat fluxes, as estimated from plume temperature measurements and remote sensing (Table  2) , was 90% of that estimated from the carbon flux and an assumed heat of combustion of 1.55 ϫ 10 7 J/kg, as suggested for tropical savanna vegetation by Griffin and Friedel (1984) . The maximum near-ground thermocouple temperature recorded was in the lower range of remotely sensed flame temperatures, but a strict comparison was not possible because the thermocouple responds to its own energy balance and this must differ markedly from that of radiating soot particles in flames.
High-temperature regions within observed fire lines often encompassed several contiguous pixels and were at or near the leading edge, but not uniquely located with respect to remote sensing scan lines. Thus, they do not appear to be related to high noise levels or measurement artifacts in the remote-sensing signal. Although we have no concurrent measurements of a fire from two altitudes, there is an indication that sampling altitude did have some effect on estimated fire temperatures. Higher altitudes tended to map smaller regions of high temperature within fire lines, as might be expected if heterogeneous, multiple-temperature regions are included in the resultant, larger pixels.
The remote-sensing methodology described here provides synoptic measures of fuel consumption, energy release, and rates of spread by active wildland fires that could be important in fire modeling and understanding fire behavior. Currently operational fire models including the two-dimensional FARSITE (Finney 1998) are largely based on laboratory-scale experiments (Rothermel 1972 ) with narrow fuel beds and flame lengths on the order of one meter; their application to fires with high rates of energy release and conditions producing flames many meters in length requires a wide and questionable extrapolation. More complex models have been developed to describe transport of mass, momentum, and energy in a fire environment (Linn 1997) . These explicitly describe interactions of fire with the atmosphere, including fire-generated winds, and provide a means to simulate fire behavior in nonhomogeneous fuels and terrain and rapidly changing weather. Application and improvement of both classes of models requires initiation with realistic fuel consumption data and validation with spatially resolved observations of wildfires under realistic settings and scales.
Fire remote sensing provides an efficient and practical means to document actual response of wildfires to applied fuel treatments by contrasting, for example, the rate of spread by a single wildfire and its intensity through different age classes in chaparral or managed REMOTE WILDFIRE MEASUREMENT and unmanaged forest fuels. Such information is needed to explain observed fire ecological effects and in strategic planning to define appropriate levels of fuel management to reduce ecological and societal losses from catastrophic fire.
Our methodology can contribute to estimates of fire emissions, which especially in the tropics might be a strong source of greenhouse gases that are important in the global radiation balance (Crutzen and Andreae 1990) . At both local and regional scales, emissions can be estimated from the time-integrated product of the areal rate of fire occurrence, the biomass consumption rate per area of land burned, and trace gas or particulate emissions per unit of biomass consumed.
Here, we have shown the efficacy of remote sensing for estimating the second factor in this product: the areal biomass consumption rate. For the disparate classes of fires measured here, remote-sensing estimates of fire geometry, the emissivity-fractional-area parameter, and temperature provided a useful and consistent estimator of sensible-heat flux from flaming combustion. Carbon flux was linearly related to sensible-heat flux, so carbon flux could be similarly estimated by remote sensing. Furthermore, remote sensing can meet an important requirement for large-scale emissions estimates, i.e., an ability to efficiently sample a large number of fires over the extant and complex range of fire conditions, which includes a variety of ecosystem types, fuel loading, and fuel moisture. In tropical ecosystems, this range would necessarily include burning in wetlands, standing tropical forest, pasture, and logging slash. In many of these situations, the fuel consumption rate would be difficult to establish by ground-based methods that estimate mass loss during burning, since fuel loading and consumption can have an inherently large spatial variance, and groundbased sampling is labor-intensive and limited in scope and can ignore potentially important fuels by a priori assumptions about what will be burned under a given set of conditions. Remote sensing of fuel consumption by active fires appears to be the most advantageous means to make the required large-scale estimates.
CONCLUSION
We have made synoptic, high-resolution measurements by airborne remote sensing of radiances and intensity of wildland fires in tropical savanna and forest of Brazil and combined these with in situ plume measurements to develop estimators for fire energy and carbon fluxes and fuel consumption. The methodology provides a means to understand the ecological and environmental effects of wildland fires, which can develop complex thermal environments. Even in relatively simple savanna fuels, radiant flux density, which is a measure of intensity, ranged over an order of magnitude. Fire lines showed gradients of temperature with substantial reaches Ͼ1400 K. A fire in partially slashed tropical forest developed both a high-intensity fire front and an extensive reach of residual combustion. The distribution of radiant flux density with temperature provided a whole-fire measure that reflected the relative importance to overall energy flux of high-intensity flaming and residual combustion. Observed fire lines attained high temperatures, but generally low values of a computed emissivity-fractional-area parameter; thus, at short-wave infrared wavelengths, they were not especially bright in comparison with a blackbody model. The methodology is expected to have wide application for understanding and modeling fire behavior, in tactical fire operations (especially by showing the relation of fire fighters to areas of critical fire behavior), in strategic planning to manage fire environmental impacts, and in understanding the potentially global role of fire emissions in climate change.
